We have investigated spatial structure of fluctuation of amount of nanoparticles in amplitude modulated VHF discharge reactive plasma in order to understand interaction fluctuations between plasma and nanoparticles. The interaction fluctuation appeared in the whole discharge region. Especially, the strong interaction fluctuation existed at the edge region. The behaviors of time evolution of intensity of spatial structure of interaction fluctuation at the center and edge regions were different with each other. Nanoparticles at the edge region were smaller than ones in the main discharge region. It suggested that the interaction fluctuation is related to the growth of nanoparticles.
Introduction
One of the important paradigm changes of semiconductor manufacturing is a transition from 2D to 3D architecture. With the increase of the number of stacked layers of 3D nanodevices, "3D-power scaling", the transistors are arranged vertically rather than horizontally to increase the density without reducing the size of each transistor. Plasma processing is the main technology driver of this "3D-power scaling" in semiconductor device manufacturing [1] . Interaction fluctuations between reactive plasma and nanostructures have a great impact on such 3D nanodevice fabrication. As the number of stacked layers in 3D nanodevices increases, it is important to understand and control such interaction fluctuations [2] [3] [4] [5] [6] [7] [8] [9] . Furthermore, plasma fluctuations themselves are classified as the core problem in plasma physics, because fluctuations are often found in various kinds of plasmas such as solar corona, magnetically confined plasma, quantum plasma, thermal plasma and processing plasma [10] [11] [12] [13] [14] [15] .
Among various plasma processing technologies, plasma enhanced chemical vapor deposition (PECVD) is one of important key technologies for semiconductor device manufacturing in the 3D-power scaling era. In addition, CVD plasma usually contains nanoparticles which could change the properties of films . In order to clarify the interaction fluctuations between reactive plasma and nanostructures, we have employed several methods such as an amplitude modulation (AM) method, an in-situ laser-light scattering (LLS) method and an envelope analysis [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] .
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Here, in order to investigate the relationship between the growth of nanoparticles and plasma fluctuations, we analyze spatial structures of the amount of nanoparticles and the interaction fluctuation between plasma and nanoparticles.
Experimental
We employed a capacitively coupled VHF discharge reactor with an LLS system, as shown in Fig. 1 [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Si(OCH 3 ) 2 (CH 3 ) 2 and Ar gas were supplied into the reactor at a flow rate of 0.2 sccm and 40 sccm, respectively. The total pressure was 1.25 Torr. The temperature of the reactor wall was maintained at 373 K in order to avoid the liquefaction of Si(OCH 3 ) 2 (CH 3 ) 2 . The electrodes were capacitively coupled via a matching unit to a 60 MHz generator. The discharge power was 30 W. The discharge was sustained without modulation, or the discharge was sustained with an amplitude modulated VHF voltage with a sine waveform having a frequency of 100 Hz and the modulation level of 30 % to perturb the plasma ( f AM = 100 Hz, AM level = 30 %). The discharge time t on was 8 s. The floating potential and Ar I 750 nm emission intensity, which is related to high energy electron density, fluctuated with a modulation frequency [26, 37] . It means the fluctuation of plasma parameter can be controlled by AM of the VHF discharge voltage.
For obtaining information of nanoparticles size and density, we applied a two-dimensional laser light scattering (2DLLS) method [17, 19, 28] . For this method, a sheet beam of 532 nm laser light was irradiated to the area between the electrodes (the diameter was 60 mm and distance between the electrodes was 20 mm), and the light scattering intensity from the nanoparticles was measured by a high-speed camera equipped with an optical bandpass filter with a central wavelength 532 nm. The bandwidth was 1 nm and the maximum transmission was 45 %. The LLS intensity was recorded at a frame rate of 1000 fps. The observed region was an area of r = −35 -35 mm and z = 3 − 17 mm, where (r, z) = (0 mm, 0 mm) was the center of the upper surface of the powered RF electrode.
Results and Discussion

Interaction fluctuation between plasma and nanoparticles 3.1.1 Spatial distribution of LLS intensity
The scattered light is the Rayleigh scattering since the diameter of nanoparticles ranges from 2 -15 nm which are much smaller than the laser light wavelength of 532 nm. Therefore, the LLS intensity is proportional to the density n p of nanoparticles and the sixth power of their size d p [19] . Hereafter, the LLS intensity is referred to the amount of nanoparticles (= n p · d 6 p ). Therefore, the fluctuation of the LLS intensity is the fluctuation of the amount of nanopartilces. In the ref. [19] , the growth rate of nanoparticles during discharge is 6.6 nm/s. The 6.6 nm ÷ 100 = 0.066 nm, which is growth rate in the one period of AM frequency (100 Hz), is negligibly small. Therefore, the fluctuation of amount of nanoparticle imply the fluctuation of density of nanoparticles.
The fluctuation of amount of nanoparticles caused mainly by change of the density of nanoparticles. During one cycle of AM frequency, there are high and low discharge voltage periods since the discharge voltage fluctuates at the rate of sine wave. The high plasma density caused by high discharge voltage. This leads high generation ratio of nanoparticles. However, the low plasma density caused by low discharge voltage. This leads low generation ratio of nanoparticles. Therefore, fluctuation of discharge voltage leads the fluctuation of density of nanoparticles. The amount of nanoparticles is high near the plasma/sheath boundary region close to the VHF electrode with/without AM. However, the LLS intensity with AM is lower than that without AM at |r| = 0 -20 mm which means that the growth of nanoparticles is suppressed by AM. Some nanoparticles reside around the edge region of the electrodes (|r| = 25 -30 mm) in the case of AM discharge, whereas nanoparticles without AM exist with a centrally symmetrical distribution.
Interaction fluctuations of LLS intensity
We extracted density fluctuation of nanoparticles form LLS intensity using the envelope analysis as follows. Firstly, we extracted a specific frequency component of LLS intensity, which is the response of the amount of nanoparticles to plasma disturbance. Next, we obtained its envelope which shows the interaction between plasma and nanoparticles at the specific frequency. Finally, we extracted the fluctuation of envelope which reflects the time evolution of the interaction fluctuation between plasma and nanoparticles [refer to Fig. 3 ]. A full description of the analysis method is reported in ref. [37] . We deduced spatial profiles of fluctuations of 100 Hz component of the amount of nanoparticles from LLS intensity as shown in Fig. 2 . Figures 3 shows the spatial structure of fluctuation of amounts of nanoparticles (a) with AM and (b) without AM. There is clear structure at the edge region in the case of with AM, while there is no such structure without AM. This result suggests that fluctuation of plasma parameter due to amplitude modulation affects fluctuation 4406120-2 of the amount of nanoparticles. It also implies interaction fluctuation between plasma and nanoparticles. There are the interaction fluctuation structures not only at the edge region but also in the whole discharge region in Fig. 4 (a) . The intensity of interaction fluctuation in the whole discharge region is lower than at the edge region. This weak interaction fluctuation in the whole discharge region affects growth of nanoparticles, according to the results in Fig. 3 (a) and Fig. 4 (a) . The suppression mechanism of growth of nanoparticle by AM method was illustrated in ref. [26] in details, which described as follows; the number of radicals for nucleation of nanoparticles increases with AM, which decreases the radical flux to nanoparticles be-cause the ratio of increase of the number of nanoparticles is higher than that of radicals by AM. This leads to the suppression of nanoparticle growth and the generation of a high density of small nanoparticles.
Interaction fluctuations and size distribution of nanoparticles
Spatial-structure of interaction fluctuations
In order to analyze the relationship between the interaction fluctuation and the growth of nanoparticles, we deduce time evolution of spatial structure of the interaction fluctuation. Figures 4 shows the time evolution of spatial z-profiles of LLS intensity during the discharge around (a) r = 0 mm where is the center plasma region and (b) r = −27 mm where is the edge plasma region. Nanoparticles are generated from T on > 2 s in plasma sheath area both at the center and edge regions. Figure 4 shows time evolution of spatial z-profile of the interaction fluctuation of 100 Hz components during discharge at (c) r = 0 mm and (d) r = −27 mm. The spatial z-profiles of the interaction fluctuation from t on > 2 s at r = 0 mm, and t on > 1 s at the edge region. Furthermore, the areas which the interaction fluctuations appear are different at these two positions. The interaction fluctuation at r = 0 mm appears at t on = 2 -4 s between z = 2 -8 mm and t on > 4 s between z = 2 -4 mm where is plasma sheath region. The interaction fluctuation at r = −27 mm appears at t on = 2 -5 s between z = 2 -16 mm and t on > 5 s between z = 2 -10 mm. The behavior of spatial structure of interaction fluctuation at the center and edge regions are different with each other. In the case of usual discharge without AM, there are no the spatial structure of interaction fluctuation of 100 Hz components (not shown).
Size dispersion of nanoparticles
To investigate the influence the difference of spatial structure of the interaction fluctuation between the center and edge regions on the growth of nanoparticles, the size dispersions were determined based on the LLS intensities [19, 28] . Figure 5 shows the size dispersions at different radius (a) without AM and (b) with AM in each radical region. At first, these results suggest that the mean size of nanoparticle decreases by AM. Next, we focus on the size of nanoparticle in each radical region. In usual discharge (without AM), the average sizes at r = 0 -10 mm and r = 10 -20 mm are almost same (∼18 nm). However, in AM discharge, the average size (∼11 nm) at r = 0 -10 mm and r = 10 -20 mm where are the main discharge region is difference from ones (∼8 nm) at r = 20 -30 mm where is the edge region. Nanoparticles at the edge region are smaller than those at the main discharge region in amplitude modulated discharge. The present results suggested that the interaction fluctuation is related to the growth of nanoparticles. Further studies are needed in order to clar-4406120-3 ify the relationship between size dispersion and interaction fluctuation of nanoparticle in edge regions.
Summary
We studied the spatial structure of LLS intensity and the interaction fluctuation between plasma and nanoparticles in amplitude modulated VHF discharge reactive plasma. Many nanoparticles exist at central plasma sheath region (|r| = 0 -20 mm) and around edge region of electrode (|r| = 25 -30 mm) in the case of AM discharge, whereas in the case of discharge without AM nanoparticles reside with a centrally symmetrical distribution. We deduced spatial profiles of interaction fluctuations of 100 Hz components of the amount of nanoparticles from LLS intensity using the envelope analysis. The interaction fluctuation appeared in the whole discharge region. Especially, strong interaction fluctuation existed at the edge region. The behaviors of time evolution of intensity of spatial structure of interaction fluctuation at the center and edge regions were different each other. To study the effect the difference of spatial structure of the interaction fluctuation between the center and edge regions on the growth of nanoparticles, the size dispersions were determined based on the LLS intensities. The nanoparticles at the edge region were smaller than ones at main discharge region. It suggested that the interaction fluctuation may be one of cause of the suppression mechanism. These results in this study will contributed to control the growth of nanoparticles and understand the interaction between plasma fluctuation and nanoparticles in nanodevice fabrications.
